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Abstract 


To  assess  the  efficiency  of  a  projectile,  it  is- 
often  roqiaired  to  predict  th.e  initial  velocities  of  the 
fragments  fron  a  lnio-.7ledge  of  the  diraonsiens  of  th.e  netal 
casing  and  the  character  and  quantity  of  errolcsive. 

Betv.’esn  a  grenade  containing  ly  ounces  cf  K.R.  and  a  boi.ib 
containing  3000  pounds  of  H.Z.  the  difference  in  scale 
is  so  groat,  t;"a.t  it  is  a  cuoot5.on  '..'heth.er  anv  sir.xd.o 
sci'.er.'.e  v.dll  apply  over'  the  v;hole  range,  A  theory  is  put 
foruard,  mhing  the  follcv.'ing  assimption,  t’na.t  the  con¬ 
tribution  to  the  total  kinetic  energy  uade  by  the  detonation 
of  unit  nass  of  eirolosive  is  independent  of  the  size 
of  .fh.e  projectile.  In  a  large  bonb  the  e:qalosion  gases 
ha;  e  actually  more  kinetic  energy  than  the  fragments. 

A  simple  e;opres3ion  is  found  for  the  average  initial 
velocity  in  terrrs  of  the  chargo-vreight  ratdop  C/M; 
this  erqu’essicn  Is  found  to  agree  with  the  eoq^erinental 
data  faiz'l'''  ‘*'ell  over  tr'c  vd'olo  ranr^e  G/:.-!  —  0_0b 

to  C/i.l  =  5.6.  , 


1. 

types  of 


To  compare  tiie  efficiency  of  frugnentation  oi  uifieren 
projectiles,  one  needs  to  Icnow  the  velocities  of 
the  fragnents  at  suitable  distances  from  the  explosion. 

For  this  purpose  one  needs  to  knov;  both  the  retardation  in  air 
and  the  initial  velocity  v  of  the  fragments.  V/e  are  concerned 


o , 


nere  v/itn  tiie  question,  vdiSthor  the  v.:lue  of  v  for  any 
tile  can  be  predicted  from  tiie  dimensions  of  tne  metal  casing 


■pro, 


and  from  tiie  character  and  quantity  of  tiie  explosive  cont.-X-nea 


in 
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question  v/hether  any  simple  scheme  v/ill  be  found  to  a.pply 
to  the  uhole  set  of  results. 

It  is  well  Imovrn  that,  thougli  a  cylindriciil  shell  is 
detonated  from  one  end,  both  the  nose-spray  ana  tiie  t;.cil- 
spray  are  feeble  compared  with  the  side-spray j  it  is  in  the 
radial  velocities  of  fragments  froia  tlie  cyiindrica.1  walls 
that  we  are  interested. 


2.  Let  C  oe  the  mass  of  explosive  and  J'i  the  mass  of  the 
metal  casing  containing  it.  (V/hen  treating  a  cy linuricai 
projectile  we  consider  mass  per  unit  length)  .  V/e  discuss 
a  metal  casing  v/itii  walus  of  uiiiform  thicmess,  and  assume 
first  the  following  simple  picture  of  fragmentation: 

Before"  the  metal  ca.sing  breaKs  into  frag-ients,  it 
expands  to  some  extent.  Let  the  radius  at  the  moment  of  frag 
raentation  be  a,  and  let  the  density  of  the  explosion  gases  at 
this  moment  be  p.  The  metal  cqising  is  everyvdiere  saoving 
outward  with  radial  velocity  v^,  'Thich  at  this  movaent  becomos 

the  velocity  of  the  metallic  fragments,  (the  somie  for  ail)  . 

Nov/  V  is  also  tile  radial  velocity  of  that  pan’t  of  tiie  ex^)ios 
o 

gases  which  are  in  contact  with  the  metal  casing.  On  tiie  axi 

of  the  cylinder  tne  ra.dial  velocity  of  the  gases  is  rcro. 

Elsev.'liere  the  ^ases  are  moving  outv/ards  with  volocaty^  intei'- 

raediate  betv/een  zero  and  v  :  we  shall  take  the  velocity  at 

o 

any  point  to  be  proportional  to  tiie  distance  from  the  axis^ 
of  the  cylinder  (or  from  the  center  of  a  spherical  grenade)-' 


of  the  cy; 
that  is, . 


r 

V  =  — V 
a  o 


Consider  now  different  types  of  ‘projectiles,  snell,  borne 
and  grenades  all ■  containing  the  same  explosive,  say 
We  try  the  assumption  that  trie  .contriDutioii — — Li'ic 
enfi-pgy  mnde  bv  the  detonation  of  ea.ch  unit  mass.  _Qj; — tiils__in<iilx 
slve  is  the  same  in  .all  tvnes  of  projectile.  Let  this  cont^ i 
per  unit  mass  of  explosive  be  E.  Equating  the  tooal  xineuic 
energy  to  EC  we  have  for  a  cylinder  per  unit  length 


EC  = 


'-m  “p  2 
2  i  1  0-- 


and  for  a  sphei’ical  casing 


'A 

EG  = 


+ 


r  ” 

47rr^  p— 2  ar 


(2) 


Both  these  expressions  reduce  to  the  simple  form 


Vq  = 


(3) 


where  R  is  the  function: 

for  a  cylinder 


R  = 


_  C 


H 


,  C 


C/,, 

'  J'L 


n  ^  IG/-, 
1  +  —  '  n 


U) 


and  for  a  sphere 


R  = 


-C 


H  + 


3C 


cA 


£L 


1  +  "IS 


(5) 


For  snail  values  of  G/M  we  see  that  R  is  a.pproxiraately  ecual 
to  C/H;  hence  for  small  values  of  the  cliarge-weight  ratio*^ 
the  value  of  v^  varies  as  yc/H»  On  the  other  hand,  for  very 

large  values  of  G/f-t,  such  as  are  found  in  large  bombs,  we  see 

that  R  tends  assymtotically  to  the  value  2  for  a  cylinder,  and 
to  the  value  5/3  for  a  sphere. 

The  quantity  E  has  the  dimensions  of  energy  per  unit 
mass;  therefore  JE  has  the  dimensions  of  a  velocity;  in  fact,  v^ 
is  e-qual  to  ,./E  when  R  =  1/2.  V/e  conclude  then,  that  for 

xarge  Vv.lues  of  C/H  tiit:  Vcilu«?  uf  teno.-s  assyidooi..Lcaj-.Ly 

to  the  value  2^/E,  or  to  tiie  value  ,/10E/3  for  u  sphere. 

*The  conventional  charge-y/eight  ratio  G/V/  takes  into  account 

the  v/hole  mass  of  metal  in  the  projectile,  while  our  C/M  takes 

into  account  only  the  metal  in  the  walls  of  the  casing.  If 

p  is  the  ratio  of  the  external  to  the  internal  diameter,  and 

p  and  p  are  tne  densities  of  the  explosive  and  metal,  resoec- 
^C  *^111 

tively,  we  have  for  cylindrical  walls  ^  Pc 


-a 


For  simplicity  v/as  assumed  to  have  the  same  value 

for  all  the  fragments.  Even  for  cylinders  v/ith  v/alls  of  uniform 
thiciaiess  tiiere  is  al./ays  some  spread  in  the  initial  velocities, 
at  any  rate  v/hen  the  cylinaer  is  short.  V/e  may  therefore  take 
v^  to  be  a  mean  of  the  initial  velocities  of  all  the  fragments 

which  contribute  to  the  total  kinetic  energy;  i.e.  the  smallest 
fragments  may  be  excluded  since  they  maxe  a  negligible  contri¬ 
bution  to  the  total  kinetic  energy. 

3.  Measuring  the  initial  ve3.ocities  of  the  leading  fragments 
from  large  bombs,  Schv/arsschild  and  Sachs-^-*  found  that  v^ 

appeared  to  increase  very  sloi/ly  with  C/V/,  and  proposed  the 
relation 


''n  =  <!© 


0.22 


which  is  inconsistent  v/ith  tiie  observed  fact  that  for  small 
projectiles  v^  varies  as  rapidly  as  ,'/C/M.  V/e  are  able 

to  remove  the  discrepancy,  since  for  large  value  of  C/M  the 
velocity  given  by  (3)  varies  as  slov/ly  as  that  given  by  (6)  . 

4.  The  expression  (3)  may  be  v/ritten  in  the  form 

Vq  =  v^R^/^  (7) 

Y/here  the  parameter  v^  depends  on  the  particular  explosive 

used.  It  is  difficult  to  know  to  what  extent  vre  ought  to  expect 
the  velocities  of  fragments  in  the  side-spray  of  a  shell  or 
bomb  to  agree  with  (4).  But  figs.  1  and  2  shov/  that  for  pro¬ 
jectiles  containing  TNT,  using  the  value  v^^  =  8000  feet/sec, 

the  formula  x'its  the  experiiuental  ciata  fairly  s/ell  over  tne 
whole  range  from  C/M  ==  O.O6  to  C/M  =5.62. 

It  seems  then  that  the  basic  assumption  may  be  correct 
that  for  a  series  of  projectiles  containing  different  quanti¬ 
ties  of  the  same  explosive,  the  contribution  made  to  the  total 
kinetic  energy  by  the  detonation  of  each  unit  mass  of  explosive 
is  the  same. 

The  reason  why  for  large  values  of  C/M  the  initial 
velocity  fails  to  increase  as  rapidly  as  is  clear. 

In  a  shell  v/ith  a  relatively  thick  and  heavy  casing,  nearly 
the  whole  of  the  kinetic  energy  is  possessed  by  the  metal 
casing,  as  it  breaks  up  into  fragments.  But  for  projectiles 
with  C/M  greater  than  2  there  is  actually  more  energy  in  the 
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kinetic  energy  of  radinl  motion  of  the  enplosion  gases  insrcie 
trie  bo.ao  tiian  in  that  of  tiie  netal  c.asing  ,/aicn  corirains  tnen; 
this  severely  limits  the  value  of  v^  for  tne  f ragmcivcs . 

In  deriving  (yi)  rin.d__(5)  it  v/as  assurieu  ti:at  p  was 
constant,  and  that  inside  the  i^rojectile  the  radial  velocity^ v 
of  the  explosion  '  ga.ses  was  proport ioruil  to  r.  It  may  be  that 
this  assuiQption  overestimates  the  amount  of  kinetic  energy  of 
radial  motion ■ retained  by  the  explosion  gases.  If  tnis  is  so, 
the  numerical  factor  1/2,  which  occurs  in  the  denominator  of 
(y+)  should  be  replaced  by  a  somev/hat  smaller  value,  such  as 
0.45.'  At  the  same  time  the  value  of  v^  in  (71  would  have  to 

be  reduced.  Experimental  data-  on  initial  velocities  are  at 
present  too  scanty  to  decide  this  point;  but  v/it/i  tne  present 
data  no  significant  improvenent  is  obtained  by  replacing  1/2 
by  a  different  factor. 

Tile  expressions  (l)  and  (2)  are  intended  to  expi'ess^ 
tiie  fact  tl.'.at  under  optimum  conditions  of  detonation  a  certain 
fraction  of  tne  ciiemical  energy  of  explosion  is  cor-verr-jci  into 
kinetic  energy,  other  details  being  important.  Th-  integral 
is  to  be  taken  to  a  radius  a;  and  it  v.-as  stated  txiai;  tnis 
v/as  the  radius  of  the  casing  at  tiie  moment  of  ruyture,  (suggest 
that  this  migiit  depend  on  the  strengtii  of  tlie  meti.l  forming  ^ 
the  casing).  Tiiis  remark,  hoivever,  v/us  introduced  only  for  the 
sake  of  simplicity;  the  kinetic  energy  of  tne  metal _ should  aepe 
only  on  its  mass,  In  the  fragmentation  of  simulated  snell  at 


v/as  lound. 


5.  For  each  explosive  the  initiiil  velocities  i/iil  be 
determined  by  the  characteristic  value  of  E.  /fe  nave  seen 
that  for  Ti'iT  the  value  of  tiie  constant  v^  is  in  tne  neigh oor- 

hood  of  8000  feet/sec.  We  have  then 


= 


—  8u00  leot/sec 

c 


2.44  k  10^ 


m/sec . 


Whence 

10 

E  =  3  X  10  ergs  per  gram 

=  715  cal  per  gram 

The  Report  03RD  1510  gives  calculated  values  for  a 
c-uantity  V/,  v/iiicii  is  not  directly  comparable  v/itn  ag  th.is^ 

V/  is  ti;e  "re'/ersible  viork  per  gram  of  products  02  -av^iL^-Dat ic 
exp.'.uision  from  tne  adiabatic  constant  voaumc  ec.plocion  S'-.ac^ 


-  5  - 


to  a  pressure  of  -one  bar" 
given  is 


For  TiiT  of  uc^nsity  1.59  the  Valiu 


r7<  .T 

=  p  .  1  ^  1<J  erg; 

=  b9b  cal  per  gra-p 


per  gram 


(10) 


6.  The  available  data  for  TiiT-filled  projectiles  are  as 
follow'S : 

In  the  experiments  by  Division  8  of  the  h  .D.Ii. C 
steel  cylinders  filled  with  Ti\T  or  other  eicplosive  v/ere  used. 
The  cylinders  had  an  internal  diameter  of  2"  and  a  uniform 
thicicness  of  v/all.  The  velocities  of  fragments  vere  ineiisursci 
at  a  distance  of  about  nine  feet  by.  means  of  tiie  velocity 


ca;aera.  The  values  for  different  thickrn 


of  steel  casing 


filled  with  TiiT  are  given  in  Table  I,  attention  being  paid  only 
to  the  large  and  medium  fragments  for  v/hich  the  retarda.tion  in 
air  v/ill  be  negligible,  ^s  the  number  of  fr.igments  recorded 
v/as  small,  tiie  probable  error  is  l^irge. 


Wall  1" 

Thickness  2 


Table  I 


0 . 165 


0 . 231 


0.286 


O.5OU 


0.775 


2600 

2S70t 


3  2  AO 


3800 


5110 


6103  ft/sea 


Tills  nigiiei'  vaxue  'was  obL-ainyu  v/neii  inc 
month  later  (incsrim  Report  Hay  -  June) 


b.  The  43CiO-lb  bomb  ;J'i-M5o,  filled  v.'ith  TiiT.  The 
diameter  of  the  central  cylindrical  part  of  this  bomb  was 
34-25  inch,  with  a  thickness  of  steel  casing  0.31  inch. 

These  values  give  C/M  equal  to  5*62.  The  velocities  of  some 
of  the  leading  fragments  only  were  measured;  these  had  a  mean 
value  10300  feet/sec.  The  mean  velocity  of  all  the  large  frag¬ 
ments  must  be  somea-hat  less  than  this.  V/e  may  take  9800  feet/sec 
as  a  value  more  suitable  for  coiriparison  with  the  velocities 
obtained  frO::!  otiier  projectiles. 

Further  data  for  bombs,  including  TI.-T-f illed,  v;ill 
soon  be  availabli:;  at  the  Ballistic  Research  Laboratory. 


nnreri  n  Ki^corts  of,  uivxsion  o.  acrix  -  jmie 


_c.  For  the  l05-!3ia  Hov/itrcr  shell  Ftl  and.  for  trie  75-;^; 
shell  h4o  the  velocities  in  tlis  side-spray  have  been  estimated 
from  the  cliange  in  angle  of  pro jec Lion  with  change  in  residual 
velocity  of  tiie  shell.  Tlie  charge  of  TFT  in  these  tv/o  shell 
had  the  values  4*93  pounds  and  1.5d  pounds,  respectively; 
the  total  v/eights  of  the  unfused  siiell  are  39.515  pounds  and 
12.50  pounds,  respectively.  The  thici-aiess  of  the  cylindrical 
v/alls,  as  in  most  modern  shell,  is  vari;:.ble.  Before  ive  could 
predict  the  resultant  distribution  of  fragment  velocities, 

'ive  should  have  to  ans'.rer  the  q.uestion,  to  v/hat  extent  the 
wall  acts  as  a  v/hole  during  rupture.  Instead  of  a  complex 
theory,  hov/ever,  wnat  is  needed  here  is  a  formula  by  which 
the  average  fragment  velocity  can  be  rapidly  estimated,  when 
the  total  v/eight  of  the  uniused  shell,  and  the  charge  are  given. 
If  'the  ratio  of  these  tv/o  quantities  is  taken  as  C/j-I  (instead 
of  the  correct  quantities)  and  v^  is  calculated  froin  (4)  and 

(7) ,  setting  v^  =  8000,  as  before,  one  obtains  tiie  points 

plotted  for  the  i05-nr;i  and  75-miii  shell  in  Fig.  2.  It  will  be 
seen  that  these  points  lie  on  the  straight  line  as  well  as,  or 
better  tlian,  the  neighboring  points  for  the  N.D.R.C.  shell 
of  constant  wall  thiclmess. 

The  reason  for  this  may  be  as  follows.  There  is  a 
theoretical  ob;3ection  to  drav/ing  the  line  through  the  origin, 
since  this  implies  that  an  exceedingly  small  charge  will  be 
sufficient  to  rupture  a  heavy  casing,  and  give  the  fragments 
an  initial  velocity.  An  expression  of  the  form 


v^  =  -  constant)  (11) 

is  more  acceptable  and  seems  to  fit.  the  facts  better.  For  tiie 
practical  purpose  of  estimating  the  v  for  shell  similar  to  the 
75-ram  and  i05-ram,  it  seems,  however,  Qnnecessary  to  use  an 
expression  containing  an  .  additional  nev;  constant. 

d.  A  British  report'-^-  records  measurements  of  fragment 
velocities  for  a  40-rara  Bofors  shell,  which  is  interesting  as 
its  C/M  is  exceptionally  low.  The  velocity  v/as  found  to 
650  raetres/sec,  or  2130  feet/sec.  The  charge  of  TNT  was  56.4 
grams,  and  the  v.'eight  of  casing  excluding  the  brass  cap  and 
copper  band  was  820  grams;  the  ratio  of  these  quantities  is 
only  0.069.  Taking  this  ratio  as  C/M,  as  in  the  case  of  the 
otiier  shell,  the  point  plotted  in  fig.  2  is  obtained. 

Although  the  initial  velocities  of  fragments  from 
grenades  containing  H.E.  liave  not  been  measured,  t’nere  is  soaie 
indirect  evidence  that  tlie  expression  (7)  gives  a  correct 
estimate  for  grenades  centainirg  l-i/2  to  2  ounces  of  TNT; 
cjilculavions  made  on  this  a-ssiaaption  were  iii  good  agreement 
with  direct  panel  taL^ts.  ■ 
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7.  A  kiio.. 'ledge  of  the  initial  velocities  of  fr;i,gnents 
is  a  first  step  tov/urcis  the  desired  i-aio'./l-agti  of  the  velocity 
at  any  oist;nnce  s  from  tiie  enpidsicr:,.  Fo?:'  i'ragaient  of  mass 
m  this  may  non  b?  ohtai"ed  ircm  'the  en. scion 

^  J  '^-0.315  hA-  (12) 

v/here-R  is  obtained  from  (^) .,  m  is  sn^-.’essed  in  grams',  s  is 
expressed  in  feet,  and  v^^'is  given  rae  value  appropriate  to 

the  eocplosive  used.  For  TI;T*v.^  has  the  value  SOOU,  while  for 

some  otner  explosives  recent  experiments  give  values  up  to 
20  per  cent  higher--;  the  ^neasrrements,  hov/ever,  are  not  yet 
very  consistent. 

For  cylindrical  TnT-fillei  casings  of  constant  v/all  thick¬ 
ness,  the  expected  values  of  v^  may  bo  read  from  Table  II. 

In  the  range  of  C/H  less  than  0.3  the  values  of  v^  have  been 

adjusted  to  agree  v/ith  the  i'hD.R.C.  results  plotted  in  Fig.  2. 

8.  In  coiiclusion  it  may  be  mentioned  tiiat  the  fragmenta¬ 
tion  of  an  infinitely  long  cylinder,  ueto'nated  from  one  end, 
was  discussed  by  G.I.  Taylor----,  end  an  erepression.  v/as  obtained 
for  the  fragment  velocities.  It  ''a-.s  ass-mmed  that  the  radi;..l 
motiori  of  tiic-  explosion  gases  v/as  small  co-ipared  with  the  longi 
tudinal  motion;  and  the  results  were  not  intended  to  apply  to 

a  projectile  from  'vYhich  the  end  sprays  are  feeble  compared 
with  the  'side  spray. 


Ronaic  V/.  Gurney 
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Table  2. 

Fragment  Velocities  from  Cylindrical  V/;),lls 
of  Uniform  Thickness. 


Column  1  gives  the  ratio  of  the  external  to  the  internal  di 
ter.  In  calculating  C/H  the  density  of  metal  v/as  taken  to 
4.9  times  the  density  of  tiie  explosive. 
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